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ABSTRACT
Context. The magnetic fields of spiral galaxies are so strong that they cannot be primordial. Their typical values are over one billion
times higher than any value predicted for the early Universe. Explaining this immense growth and incorporating it in galaxy evolution
theories is one of the long-standing challenges in astrophysics.
Aims. So far, the most successful theory for the sustained growth of the galactic magnetic field is the alpha-omega dynamo. This
theory predicts a characteristic dipolar or quadrupolar morphology for the galactic magnetic field, which has been observed in external
galaxies. However, so far, there has been no direct demonstration of a mean-field dynamo operating in direct, multi-physics simulations
of spiral galaxies. We do so in this work.
Methods. We employ numerical models of isolated, star-forming spiral galaxies that include a magnetized gaseous disk, a dark matter
halo, stars, and stellar feedback. Naturally, the resulting magnetic field has a complex morphology that includes a strong random
component. Using a smoothing of the magnetic field on small scales, we are able to separate the mean from the turbulent component
and analyze them individually.
Results. We find that a mean-field dynamo naturally occurs as a result of the dynamical evolution of the galaxy and amplifies the
magnetic field by an order of magnitude over half a Gyr. Despite the highly dynamical nature of these models, the morphology of the
mean component of the field is identical to analytical predictions.
Conclusions. This result underlines the importance of the mean-field dynamo in galactic evolution. Moreover, by demonstrating the
natural growth of the magnetic field in a complex galactic environment, it brings us a step closer to understanding the cosmic origin
of magnetic fields.
Key words. magnetic fields:galaxies
1. Introduction
The origin of galactic magnetic fields is one of the great unan-
swered questions in astrophysics today. Although primordial
magnetic fields cannot exceed 10−9 G (Rees 1987; Gnedin et al.
2000; Subramanian 2016), the magnetic fields in spiral galaxies
are of the order of a few µG (Beck et al. 1996), already at redshift
2 (Bernet et al. 2008). This notable growth inevitably points to a
process that amplifies the magnetic field inside spiral galaxies.
This amplification process not only shapes the magnetic
field, but it can also affect the galaxy’s internal dynamics. The
observed values of a few µG indicate that the magnetic energy
of a galaxy is in rough equipartition with the turbulent and ther-
mal energies. Therefore, any theory proposed for the magnetic
field evolution must take into account the complexity of galaxy
evolution and vice versa.
In the context of galaxy evolution, an obvious possibility is
the growth of the magnetic field by gravitational collapse. How-
ever, this mechanism is probably inefficient because magnetic
diffusion can rapidly disperse the amplified field (Brandenburg
2015). The galactic dynamo theory (Steenbeck & Krause 1966;
Parker 1971; Stix 1975; Brandenburg & Subramanian 2005) was
put forward to alleviate this problem.
The mean-field dynamo (Parker 1971) creates a poloidal
magnetic field component from an initially toroidal configura-
tion and vice versa, leading to an overall amplification of the
initial field. Imagine an initially toroidal field in a differentially
rotating, stratified disk. As magnetic loops rise above the galactic
plane, they spin up due to the differential rotation, and eventu-
ally reconnect and merge, creating the poloidal component. The
source of buoyancy for the magnetic loops can be shocks, turbu-
lence, cosmic ray diffusion, or stellar feedback. In turn, a toroidal
magnetic field emerges from the poloidal component as the dif-
ferential rotation of the disk winds up the magnetic field lines.
This process, called the α-ω dynamo, is sustained for as long as
the magnetic energy is much lower than the kinetic energy of the
galaxy.
There is a plethora of works studying galactic dynamos in
simulated environments (Brandenburg 2015). The first direct
simulation of dynamo amplification of the magnetic field con-
sidered a small patch of the disk (Gressel et al. 2008). The ad-
vantage of this type of setup is that it allows the evolution of
the system until the magnetic field saturates at dynamically im-
portant values (e.g., Gent et al. (2013); Bendre et al. (2015).
Gissinger et al. (2009) demonstrated that the small-scale helic-
ity injection needed to seed a large-scale dynamo was possible
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even for a full galactic disk, with high enough resolution. More
recent work (Rieder & Teyssier 2016, 2017) showed that tur-
bulence from stellar feedback could amplify the magnetic field
in global simulations of dwarf galaxies up to a few percents of
the turbulent kinetic energy of the galaxy. Finally, Steinwandel
et al. (2019) proposed a dynamo mechanism to explain the am-
plification of the magnetic field in global, SPH galaxy simula-
tions that included a circum-galactic medium, based on the re-
sulting power spectra. However, no numerical model so far has
directly demonstrated a mean-field dynamo amplification of the
magnetic field in global simulations of galaxy evolution.
Here, for the first time, we have observed an α-ω dynamo in
a highly dynamical environment, where all the relevant compo-
nents of the galaxy (dark matter, gas, magnetic field, and stars)
are allowed to evolve self-consistently. The result comes from a
set of simulations we call Amalthea, aimed at studying the secu-
lar co-evolution of galaxies and their magnetic field.
In Section 2 of this paper we outline our numerical approach,
in Section 3 we present our results, and conclude the paper in
Section 4.
Fig. 1: Slice of the initial magnetic field along the xz-plane. The
initial field strength drops exponentially with radius and height.
The arrows are colored according to the field strength in µG.
2. Method and setup
Our particular aim with these models is to examine how the mag-
netic field grows as the galaxy evolves. We simulate isolated,
Milky-Way-like galaxies, using the RAMSES code (Teyssier
2002; Fromang et al. 2006), which allows the simultaneous mod-
eling of the gas and the collisionless components, such as stars
and dark matter. This feature is essential for our models.
Table 1 summarizes the properties of the Amalthea models
Amalthea M is our reference run, and the rest are used to val-
idate our results: Amalthea Mnfb is identical to Amalthea M ,
but it does not include supernova feedback. Amalthea Mlr is a
lower-resolution version of Amalthea M , including one level of
refinement less, and Amalthea W has an initial magnetic field
ten times smaller than that of the other models.
2.1. Numerical code
The simulations were performed with the publicly available code
RAMSES . The MHD equations solved by the code are:
∂ρ
∂t
+ ∇(ρv) = 0 (1)
∂ρv
∂t
+ ∇ · (ρvv − BB) + ∇Ptot = −ρ∇φ (2)
∂Etot
∂t
+ ∇ [ (Etot + Ptot)v − (v · B) · B] = −v · ∇φ − ρΛ + Γ (3)
∂B
∂t
− ∇ × (v × B) = 0 (4)
∇ · B = 0 (5)
where ρ the gas density, v the velocity, B the magnetic field, and
φ the gravitational potential. The cooling and heating rates of the
gas as a function of its density and temperature, Λ = Λ(ρ,T ) and
Γ = Γ(ρ,T ) are are calculated according to Sutherland & Dopita
(1993). Ptot is the total pressure:
Ptot = P +
B · B
2
(6)
and E the total energy of the fluid:
E =  + ρ
v · v
2
+ +
B · B
2
(7)
where  is the internal energy of the fluid. The equation of state
for the gas is that of a perfect fluid: P = (γ − 1).
RAMSES uses a constrained transport scheme to evolve the
magnetic field, which guarantees ∇ · B = 0 always. The MHD
equations are coupled to the stars and dark matter through the
gravitational potential (Eqs. 2 and 3).
2.2. Setup and initial conditions
The initial conditions for the Amalthea models are created using
the MCMC-based DICE code (Perret et al. 2014; Perret 2016).
We use a configuration of stellar and dark matter particles,
as well as a hydrodynamical fluid, to simulate a Milky-Way-like
galaxy (total mass Mtot = 2 ·1012 M ) at redshift z=0. In DICE,
we set the virial velocity of the galaxy to 200 km/sec. The mass
fraction in dark matter is 98.5%, represented by 2 million parti-
cles, in stars 1.425%, represented by 1 million particles, and the
mass fraction in gas is 0.075%, represented by 4 million parti-
cles.
The dark matter halo follows an NFW profile (Navarro et al.
1996), with a scale length of 3 kpc and a cutoff of 100 kpc. The
stars and gas are initially placed in exponential disks, with a scale
length of 3 kpc and a cutoff of 12 kpc for the stars, and a scale
length of 4kpc with a cutoff of 15 kpc for the gas. The gas tem-
perature is set to 10,000 K, with no initial turbulent field.
The initial magnetic field is toroidal, with a scale height and
scale length of 1 kpc. The central strength of the field is a free
parameter of the magnetic field model. It is set to 0.1 µG for all
the models in this work apart from Model W that starts with a
central magnetic field strength of 0.01 µG. Fig. 1 shows a xz-
slice of the initial magnetic field configuration, illustrating the
symmetry of the initial conditions.
Star formation is simulated by forming sink particles when
the density exceeds 1 cm−3 and the local velocity field is con-
verging. Supernovae are implemented by injecting thermal en-
ergy into the 27 parent cells surrounding the sink particle and the
total number of supernovae is calculated according to the size of
the newly formed star cluster. Each supernova is assumed to pro-
duce 1051 ergs of energy, which is transferred to the surrounding
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Fig. 2: Time evolution of Amalthea Mnfb (left) and Amalthea M (right) with their magnetic fields. The total gas density is indicated
by the colorbars. The magnetic field lines are drawn at the same, regularly spaced locations of the computational volume and are
colored according to their starting point. The region shown corresponds to 25 kpc.
ISM with en efficiency ηS N=0.2. More details on the feedback
implementation in RAMSES can be found in Dubois & Teyssier
(2008).
AMR is used here to capture the complex dynamics of the
disk. In a box of 100 kpc, we use a coarse resolution of 2563 with
six levels of refinement, reaching an effective 40963 resolution
in dense regions: An AMR level is activated if the mass in a
cell exceeds 100 particles cm−3, or if the local Jeans length is
resolved with less than 10 cells.
3. Dynamo action in the Amalthea models
Figure 2 shows how Amalthea M and Amalthea Mnfb evolve
with time. The initially smooth exponential disk passes from a
relaxation phase that lasts about 200 Myrs. During this phase,
Table 1: Summary of the Amalthea models. The magnetic field
strength refers to the initial value at center of the galaxy, in µG.
Model Feedback Max. B Max. resolution
Amalthea M yes 0.1 20 pc
Amalthea Mnfb no 0.1 20 pc
Amalthea Mlr yes 0.1 40 pc
Amalthea W yes 0.01 20 pc
stellar rings form at the inner regions of the galaxy and pull the
gas into similar formations. At about 0.6 Gyr, these inner struc-
tures turn into a bar, and two prominent spiral arms form in the
outer disk. It is worth noting that this timescale is roughly the
same as that for the magnetic field growth (Fig.3). These struc-
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Fig. 3: Time evolution of the magnetic energy in a 25 kpc vol-
ume around Amalthea M, Mlr, Mnfb and W. The initial value
corresponds to a mean field strength of about 0.003 µG in mod-
els M, Mlr, Mnfb and 3.e-4 µG in model W. The mean saturation
value for models M and Mnfb is about 0.03 µG and 0.003 µG for
model W.
tures continue evolving and at 1.5 Gyr, we observe that the cen-
tral bar has shrunk significantly and is surrounded by a gaseous
whirlpool.
The magnetic field follows this evolution closely. There is
a field component within the disk that traces the rings at 0.18
Gyr and at later times, the bar and the spirals. At the same time,
the small-scale turbulence in the disk, created by differential ro-
tation, raises magnetic loops into the halo. This results in open
magnetic field lines above and below the disk, and in the clear
appearance of a poloidal component from an initially purely
toroidal field. The magnetic field lines form vortices above and
below the disk, indicative of a strong turbulent component.
The mean morphology of the field in Fig. 2 is reminiscent
of kinematical mean-field dynamo model solutions (Donner &
Brandenburg 1990), specifically of the type generated by differ-
ential rotation in a thin-disk approximation.
It is natural then to look for an amplification of the magnetic
energy with time. In Fig. 3, we show the magnetic field energy
with time for four models: the reference model M, model Mnfb,
which is identical to M in every way, but does not include su-
pernova feedback, model W, identical to M but with an initial
field that is 10 times smaller, and model Mlr, which reaches a
maximum resolution that is half that of model M. Models M
and Mnfb follow nearly indistinguishable evolution paths, both
reaching saturation at around 500 Myrs, with a total magnetic
energy amplified by more than a factor of 100. The indepen-
dence of the amplification from feedback is a strong indication
that the amplification mechanism at work here depends on the
large-scale dynamics of the galaxy and not on the supernova
feedback. The magnetic energy in model W is also amplified
by roughly a factor of 100 on the same timescale of ∼500 Myrs
and saturates at this new value. Finally, model Mlr shows that
the initial amplification of the field is converged. However, the
saturation inevitably happens at a lower magnetic energy, due to
the stronger numerical diffusivity of this model.
3.1. Mean and turbulent components of the magnetic field
In order to prove that what we are witnessing is, indeed, a mean-
field dynamo, we need to compare its morphology to the avail-
able predictions from the dynamo theory.
For example, Stix (1975) showed that in a disk geometry a
quadrupolar field should grow faster, while a dipolar field can
arise as a result of asymmetries. Shukurov et al. (2019) also pre-
sented a series of models where quadrupolar fields are favored
in the disk, while dipolar geometries arise in the halo. In order
to compare our findings to these analytical estimates, we need to
split the magnetic field into a mean and a turbulent component.
We use a median filter to smooth the magnetic field at a given
scale, which allows us to define the mean B and the turbulent
component Btur of the magnetic field. In this method, the mean
field is this smoothed component, while the turbulent component
is the residual:
Btur = Btot − B (8)
The filter is not used on the AMR data, but rather on quantities
interpolated on a uniform grid of 48 pc resolution.
As an illustration, Fig. 4 shows the mean and the turbulent
components of the same galaxy segment in Amalthea M and
Amalthea Mnfb after about 1.2 Gyr of evolution. It is worth
noting the remarkable resemblance of the mean field compo-
nent to observed magnetic fields of spiral galaxies, such as M51
(Fletcher et al. 2011), or NGC 1068 (Lopez-Rodriguez et al.
2020).
The smoothing kernel used here measures 8x8x8 cells, which
corresponds to a cubic region of about 390 pc size. The choice
of this kernel size was made for two reasons: First, this phys-
ical scale corresponds to the thickness of the gaseous disk and
to the size of superbubbles, which contribute to the creation of
turbulence in the disk. Second, the power spectra of the residuals
already appear converged at this kernel size (see Fig. 5).
Figure 5 contains the power spectra of the residual (turbu-
lent) component of the magnetic field using different sizes of the
smoothing window. They all produce power-law slopes consis-
tent with Kolmogorov turbulence in the inertial range, and have
a shape very similar to the power spectra of isotropic, helical
turbulence (Brandenburg et al. 2012).
In Fig. 6 we show cuts of the mean Bx and By components
of the field on the x=0 and y=0 planes, respectively. The top
panel corresponds to model Mnfb, and the bottom panel to model
M. Both models develop a dipolar mean field in the halo, and
a quadrupolar field closer to the disk, although the shapes are
better defined in model M. These results were produced using the
8 cell window. The mean field using the 16 cell kernel window
is shown in Fig. 7). In that case, the dipolar/quadrupolar shape
of the mean field is more evident, and is almost identical to the
findings of Stix (1975).
3.2. Kinetic and current helicity evolution
The operation of the galactic dynamo depends on the generation
of helical turbulence in the disk (Parker 1955), which amplifies
the magnetic field through a process also known as the α-effect
(Steenbeck et al. 1966).
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(a) Model M, B (b) Model M, Btur
(c) Model Mnfb, B (d) Model M, Btur
Fig. 4: Mean (panels a and c) and turbulent (panels b and d) components of the magnetic field in Models M (panels a and b) and
Mnfb (panels c and d), shown in a slice along the midplane of the galaxies, at 1275 Myrs into their evolution. The colors indicate
the magnitude of the vectors drawn in each plot, in µG.
Assuming that both the magnetic field and the velocity can
be decomposed into a mean and a turbulent component: B = B+
Btur, v = v + vtur, and that the turbulent component is isotropic,
we can take the average of Eq. 4 to obtain:
∂B
∂t
− ∇ × (v × B + ) = 0 (9)
where  is the electromotive force due to turbulent motions,
 = vtur × Btur. It is worth noting here that the full dynamo equa-
tion also includes the magnetic diffusivity ηM but, in these sim-
ulations, we do not explicitly include magnetic diffusion terms.
Here, magnetic diffusion happens only due to the finite resolu-
tion of the grid.
An assumption of the mean-field dynamo theory is that
vtur × Btur = αB − ηT∇ × B, where α and ηT are the α-effect
and the turbulent magnetic diffusivity tensors. In particular, at
the high conductivity limit for isotropic turbulence, and ignoring
the effect of Lorentz forces, the α-effect tensor can be written as:
(Moffatt 1978; Krause & Raedler 1980):
αK = −τ3 · (vtur · (∇ × vtur)) (10)
where τ is the correlation time of the turbulence. The tensor αK
is proportional to Ktur, the kinetic helicity of the fluid due to
turbulent motions:
Ktur =
∫
vtur · (∇ × vtur) dV. (11)
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Fig. 5: Power spectra of the turbulent component of the magnetic
field for different sizes of the averaging window. This example
corresponds to Model M, after 1Gyr of evolution, and a box of
25 kpc.
When Lorentz forces become significant, there is a second
contribution to the α-tensor, which can be written as (e.g. Bran-
denburg & Subramanian 2005):
αM = −τ3 ·
(Btur · (∇ × Btur)
4piρ
. (12)
αM is proportional to Ctur, the small-scale current helicity due to
the turbulent component of the magnetic field:
Ctur =
∫
Btur · (∇ × Btur) dV (13)
The full α-tensor is therefore the sum of the kinetic and magnetic
terms, α=αK + αM .
Calculating the α and ηM tensors is an involved process, and
a subject of many numerical and analytical works (e.g Ferriere
1998; Hubbard et al. 2009; Rheinhardt & Brandenburg 2010).
Here, we will limit ourselves to showing that the models host
helical turbulence, which is a necessary ingredient of the α dy-
namo process.
In the Amalthea simulations, turbulence is generated by the
differential rotation of the galaxy and by the supernova explo-
sions (in all models apart from Mnfb, which does not include
supernova feedback). We can obtain an estimate for the root
mean square (rms) turbulent velocity in the different models by
separating the mean from the turbulent velocity components us-
ing the same procedure as for the magnetic field. This yields
vrms ' 3 − 14 km/sec in the different models at different evolu-
tion times. As expected, in the simulations that include feedback,
the turbulent velocities fluctuate on the typical timescales of star
formation cycles, ∼30-50 Myrs.
Figure 8 shows slices of the total and the turbulent kinetic
helicities in models M and Mnfb for the same snapshot at 1275
Myrs. It is clear that helical turbulence is generated in both sim-
ulations, and that the kinetic helicity is antisymmetric across the
galactic midplane.
The top panel of Fig. 9 shows the evolution of the total and
the turbulent kinetic helicities with time for the same two mod-
els. In addition to the total volume integrals, we are showing
the kinetic helicities in the upper and the lower parts of the box
separately. Here, z=0 is defined as the z-coordinate of the cen-
ter of mass of the gas, and the volume integrals are taken over
a 25 kpc3 box centered at the center of mass. Both the total and
the turbulent kinetic helicity change sign across the galactic mid-
plane, while the helicities integrated over the entire volume are
always very close to zero. This antisymmetry indicates that the
turbulence in the disk is helical throughout the evolution of the
models, and an α mechanism is active in these simulations.
The evolution of the total and turbulent current helicities with
time is shown in the bottom panel of Fig. 9. The total current
helicity and the turbulent current helicity are identical, meaning
that the current helicity in the volume is generated entirely on
the smallest scales. There are multiple sign reversals across the
midplane, with the total current helicity in the volume always
close to zero. These strong local fluctuations indicate that the
current helicity has not reached saturation.
3.3. Magnetic field lines
Witnessing how magnetic field lines re-order is an excellent di-
agnostic for identifying the amplification mechanism. This re-
shaping process is discernible in Fig. 3, but more clearly illus-
trated in Fig. 10, where we have drawn four individual magnetic
field lines from model Amalthea M as they evolve from one code
output to the next, 1.5 Myrs later. The starting points for the
line integration are chosen randomly for the first snapshot, and
kept the same in the following snapshots. The integration is done
using the "Streamline" function of the ViSit visualization code
(Childs et al. 2012) with a fourth-order Runge-Kutta scheme.
It is clear from these visualizations that the reconnection rate
is faster than the 1.5 Myrs cadence between snapshots. A clear
example is the yellow field line in the top panel, which is reduced
to a small loop after 1.5 Myrs.
The top row of the figure shows the α-dynamo mechanism in
action: magnetic loops rise above and below the disk, spinning
due to the differential rotation of the disk. At the same time, they
constantly reconnect, creating the poloidal component and open
field lines. The bottom row of the same figure illustrates how the
ω-dynamo mechanism operates. Vertical field lines are tightly
wound up by the disk rotation, and eventually reconnect to form
closed loops parallel to the disk.
Thus, in complete agreement with dynamo theory, the ini-
tially toroidal field develops a poloidal component, which in turn
replenishes the toroidal component. However, the magnetic en-
ergy in Amalthea M never surpasses 0.1 percent of the turbulent
kinetic energy, and remains a million times smaller than the total
kinetic energy of the galaxy. This result is particularly important
when considering the long-term evolution of the galaxy and its
magnetic field: It demonstrates that a mean-field dynamo natu-
rally arises from galactic dynamics alone, and that it amplifies
the initially negligible magnetic field by at least one order of
magnitude.
4. Discussion and conclusions
In this work, we have presented global, direct numerical simula-
tions of spiral galaxies with and without supernova feedback. In
all models, we have found the characteristic features of α-ω dy-
namo amplification: helical turbulence, reconnecting magnetic
field lines, and a final magnetic field with a quadrupolar topol-
ogy.
The initial magnetic energy in all these simulations is am-
plified by roughly a factor of 100 within about 500 Myrs, even
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(a) Model M, Bx projection (b) Model M, By projection
(c) Model Mnfb, Bx projection (d) Model Mnfb, By projection
Fig. 6: Contour plots of the Bx-component on the x=0 plane (panels a and c) and the By-component on the y=0 plane (panels b
and d) of the mean field for the Amalthea M (panels a and b) and Mnfb (panels c and d) simulations. Essentially, the plots represent
local cuts of the toroidal component of the field.
when supernova feedback is absent. These results indicate that
an α-ω dynamo is a natural consequence of the dynamics of a
massive spiral galaxy and that its action is independent of super-
nova feedback.
In the classical mean-field dynamo theory, the magnetic field
continues to grow until it reaches saturation at rough equiparti-
tion with the turbulent kinetic energy of the gas. In our models,
however, the magnetic energy never even approaches equipar-
tition. The simulations with the strongest initial magnetization
(models M, Mnfb and Mlr) show saturation when the magnetic
energy is roughly a millionth of the kinetic energy. There are two
possible explanations for this behavior: either there is a back-
reaction of the magnetic field on the velocity flow that hinders
further growth, or the amplification mechanism itself is not effi-
cient after 500 Myrs.
In the first case, we would be witnessing the "alpha-
quenching" mechanism. According to Vainshtein & Cattaneo
(1992), the growth of a small-scale random magnetic field can
halt the growth of the galactic magnetic field, as Lorentz forces
inhibit the formation of new turbulent diffusive structures. In-
deed, Ntormousi (2018) showed that, in a setup very similar
to Amalthea, a random magnetic field starts to develop in less
than 25 Myrs. Therefore, it is entirely possible that the Vain-
stein & Cattaneo quenching will affect the Amalthea models at
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(a) Model M, Bx projection (b) Model M, By projection
(c) Model Mnfb, Bx projection (d) Model M, By projection
Fig. 7: As in Fig.6, but using a 16x16x16 cell smoothing window. The quadrupolar shape of the field is more evident here, and in
complete agreement with analytical dynamo models.
some point of their evolution. Vainstein & Cattaneo also calcu-
lated that the maximum expected growth of the large-scale mag-
netic field by a dynamo, can be of the order of R1/2m smaller than
equipartition, where Rm is the magnetic Reynolds number of the
flow. For the Galaxy, this number is of the order of 107. However,
this problem can be alleviated, for example, by a galactic foun-
tain flow (Shukurov et al. 2006), or even a galactic "breeze" (Del
Sordo et al. 2013) that removes small scale magnetic helicity
from the disk and allows the dynamo mechanism to continue op-
erating. Neither of these phenomena is present in the Amalthea
models. A longer evolution of the simulations will show if this
occurs later in the life of a galaxy, or if the galactic environment
can play a role in the magnetic field growth.
However, there are two reasons to believe that we are not
witnessing a saturation due to alpha quenching. The first one
is that the local values of the current helicity in the simulations
have not reached saturation. Instead, they fluctuates around zero,
changing sign constantly across the galactic midplane.
The second reason is that in the Amalthea models, the sat-
uration value of the magnetic field seems to depend on its ini-
tial strength: Models M and W are identical in every other way
apart from their initial magnetic energy, which is a hundred times
lower in model W. Yet the amplification of the field in model W
does not continue after reaching the initial value of model M. In-
stead, it saturates at 500 Myrs, indicating that the models share
a common amplification factor and a common growth rate and
not a common final magnetic field strength. In other words, the
initial difference in energy between the models is preserved.
This leads us to the second possibility: that the amplification
mechanism weakens after ∼500 Myrs. This hypothesis is sup-
ported by the evolution of the kinetic helicity, which is a mea-
sure of the alpha dynamo action. After about 500 Myrs, the de-
gree of asymmetry of the turbulent kinetic helicity decreases,
which implies that the generation of helical turbulence slows
down and the magnetic field amplification cannot be as efficient.
This timescale coincides with the formation of large-scale dy-
namical features, such as spiral arms and a central bar, which
are strong drivers of turbulence. However, it is not possible to
draw general conclusions based on these models alone. In or-
der to investigate this hypothesis further, we need to explore a
vast parameter space, which includes the initial morphology and
strength of the magnetic field, as well as the dynamical evolution
of the galaxy. These simulations require a large computational
effort and will be the subject of a follow-up study.
Still, the saturation values of the magnetic field in all our
models are at least an order of magnitude below the values typ-
ically observed in our Galaxy. This disagreement underlines the
necessity for additional amplification mechanisms. For instance,
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(a) Model M, Ktot (b) Model M, Ktur
(c) Model Mnfb, Ktot (d) Model Mnfb, Ktur
Fig. 8: Slices of the total (panels a and c) and turbulent (panels b and d) components of the kinetic helicity in Models M (panels a
and b) and Mnfb (panels c and d), along the xz midplane of the galaxies, at 1275 Myrs into their evolution. The quantities are shown
in code units, and the values were saturated at the range shown in order to enhance contrast.
the inclusion of cosmic rays could affect the buoyancy of the gas
or drive a galactic wind. Both these effects could lead to a faster
amplification of the field.
The cosmological growth of the Galaxy itself may be an-
other strong candidate for the necessary boost in field amplifi-
cation. In cosmological simulations that include magnetic fields,
an amplification up to 10 percent of equipartition values is ob-
served already at redshift 2-3 (Pakmor et al. 2017). This rapid
growth of the field is in apparent disagreement with the argu-
ment that wants gravitational amplification to be inefficient due
to diffusion. The key probably lies in a continuous gravitational
growth that replenishes the magnetic field faster than diffusion
can transform it.
Then the question of how the cosmological growth of a
galaxy affects the evolution of a dynamo becomes essential for
understanding the origin of galactic magnetic fields. It indicates
the future direction of galaxy evolution models: the inclusion of
magnetization at a higher resolution.
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